PTK7 Regulates Myosin II Activity to Orient Planar Polarity in the Mammalian Auditory Epithelium  by Lee, Jianyi et al.
PTK7 Regulates Myosin II AcCurrent Biology 22, 956–966, June 5, 2012 ª2012 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2012.03.068Article
tivity
to Orient Planar Polarity
in the Mammalian Auditory EpitheliumJianyi Lee,1 Anna Andreeva,1 Conor W. Sipe,1 Lixia Liu,1,2
Amy Cheng,1,3 and Xiaowei Lu1,*
1Department of Cell Biology, P.O. Box 800732, University of
Virginia, Charlottesville, VA 22908, USA
Summary
Background: Planar cell polarity (PCP) signaling is a key
regulator of epithelial morphogenesis, including neural tube
closure and the orientation of inner ear sensory hair cells,
and is mediated by a conserved noncanonical Wnt pathway.
Ptk7 is a novel vertebrate-specific regulator of PCP, yet the
mechanisms by which Ptk7 regulates mammalian epithelial
PCP remain poorly understood.
Results: Here we show that, in the mammalian auditory
epithelium, Ptk7 is not required for membrane recruitment of
Dishevelled 2; Ptk7 and Frizzled3/Frizzled6 receptors act in
parallel and have opposing effects on hair cell PCP. Mosaic
analysis identified a requirement of Ptk7 in neighboring
supporting cells for hair cell PCP. Ptk7 and the noncanonical
Wnt pathway differentially regulate a contractile myosin II
network near the apical surface of supporting cells. We
provide evidence that this apical myosin II network exerts
polarized contractile tension on hair cells to align their PCP,
as revealed by asymmetric junctional recruitment of vinculin,
a tension-sensitive actin binding protein. In Ptk7 mutants,
compromised myosin II activity resulted in loss of planar
asymmetry and reduced junctional localization of vinculin. By
contrast, vinculin planar asymmetry and stereociliary bundle
orientation were restored in Fz32/2;Ptk72/2 double mutants.
Conclusions: These findings suggest that PTK7 acts in
conjunction with the noncanonical Wnt pathway to orient
epithelial PCP throughmodulation ofmyosin II-based contrac-
tile tension between supporting cells and hair cells.
Introduction
Epithelial cells are often polarized within the plane of a cell
sheet, perpendicular to the apical-basal polarity axis. One of
the most prominent examples of epithelial planar cell polarity
(PCP) is found in the mammalian auditory sensory epithelium,
the organ of Corti (OC). The OC is composed of one row of
inner hair cells (IHC) and three rows of outer hair cells (OHC)
and nonsensory supporting cells. Hair cells are separated
from one another by supporting cells, forming a checkerboard
pattern. The stereociliary bundle, the mechanotransduction
organelle located on the apical surface of the hair cell, consists
of rows of actin-based stereocilia of graded heights in a V-
shaped array. This structural asymmetry of the stereociliary
bundle defines PCP of an individual hair cell. Across the OC,2Present address: Department of Medicine, Allergy and Immunology, P.O.
Box 800133, University of Virginia, Charlottesville, VA 22908, USA
3Present address: Georgetown University School of Medicine, Washington,
DC 20057, USA
*Correspondence: xl6f@virginia.eduhair cells display uniform planar polarity, with the vertex of
their V-shaped stereociliary bundles all pointing to the lateral
edge of the cochlear duct. Uniform bundle orientation is
required for normal sound perception [1].
Inner ear PCP is regulated by an evolutionarily conserved
noncanonical Wnt pathway, which has emerged as a key regu-
lator of metazoan tissuemorphogenesis, including convergent
extension (CE) movements during axis elongation, neural tube
closure, and inner ear morphogenesis [2]. The core compo-
nents of the noncanonical Wnt pathway are Frizzled (Fz),
Dishevelled (Dsh/Dvl), Strabismus (Stbm)/Van Gogh (Vang),
Starry night (Stan)/Flamingo (Fmi), Diego (Dgo), and Prickle
(Pk). These molecules engage in both intra- and intercellular
signaling to align PCP in neighboring cells. In other systems,
members of the Rho family small GTPases (RhoA, Rac1, and
Cdc42) and their effectors, including Rho-associated kinases
(ROCK) and c-Jun N-terminal kinases (JNK), have been impli-
cated in PCP signaling downstream of the core components.
In the inner ear, the noncanonical Wnt pathway is required
for stereociliary bundle orientation and cochlear convergent
extension [3]. Mutations in homologs of Fmi (Celsr1), Vang
(Vangl1/Vangl2), Fz (Fz2/Fz3/Fz6), and Dsh (Dvl1/Dvl2/Dvl3)
cause misoriented stereociliary bundles and a shortened
cochlear duct [2]. The small GTPase Rac1 and its downstream
effector p21-activated kinases (PAK) regulate hair cell PCP in
the OC [4, 5], and nonmuscle myosin II has been implicated
in cochlear extension [6].
In addition to the conserved noncanonical Wnt pathway,
novel PCP regulators have been identified in mammals,
including protein tyrosine kinase 7 (Ptk7), a receptor tyrosine
kinase-like molecule [7–11]. Mouse Ptk7 mutations cause
similar phenotypes to those of noncanonical Wnt pathway
mutants, including neural tube and hair cell PCP defects
[8, 12]. In Xenopus, Ptk7 has been shown to regulate neural
tube closure [8] and neural crest migration [13, 14] by medi-
ating membrane recruitment of Dishevelled through PKCd
and the adaptor molecule RACK1 [13, 14]. However, it is
unclear whether PTK7 regulates mammalian epithelial PCP
by a similar mechanism, because PTK7 has been shown to
mediate mesodermal CE in mice without affecting Dvl2
membrane localization [15].
To gain insight into the mechanisms by which PTK7 regu-
lates mammalian epithelial PCP, we carried out a functional
dissection of Ptk7 in planar polarization of hair cells in the
OC, where bundle orientation provides a robust and quantifi-
able readout for PCP at single-cell resolution. Our results
reveal that Ptk7 and the noncanonical Wnt pathway differen-
tially regulate myosin II-based contractility to align hair cell
PCP. We show that Ptk7 is required in supporting cells to
orient hair cell PCP, probably by exerting contractile tension
on neighboring hair cells through an apical myosin II network.
Results
Ptk7 Is Not Required for Asymmetric Membrane
Localization of Dishevelled 2 in the OC
Membrane recruitment and asymmetric localization of the
cytoplasmic scaffold protein Dishevelled is a conserved
Figure 1. Ptk7 Regulates Fz3 Localization but Is Not
Required for Asymmetric Localization of Dvl2 in the OC
(A–D) In the midbasal region of the OC at E17.5, Dvl2 (red)
was enriched on the lateral membranes of hair cells in both
control (A, C) and Ptk72/2 (B, D) cochleae.
(E–H) In the midapical region of the OC at E17.5, similar
membrane localization of Dvl2 was observed in control
(E, G) and Ptk72/2 (F, H) cochleae. Cell boundaries were
labeled with Rac1 immunostaining (green).
(I–L) In the midbasal region of OC at E17.5, Fz3 (red) was
enriched on the medial membranes of hair cells and sup-
porting cells in the control (I, K). This localization was dis-
rupted in Ptk72/2 cochleae (J, L).
(M–P) In the midapical region of the OC at E17.5, asymmetric
localization of Fz3was not apparent in either control (M, O) or
Ptk72/2 (N, P) cochleae.
Green, phalloidin staining. Percentages indicate the distance
of the positions analyzed from the base relative to the length
of the cochlea. Arrowheads indicate the row of pillar cells.
Brackets indicate OHC rows. Lateral is up in all micrographs.
Scale bars represent 6 mm. See also Figure S1.
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957readout for PCP signaling [16–18]. To determine where Ptk7
intersects with the noncanonical Wnt pathway, we first tested
whether Ptk7 is required for membrane recruitment of Dvl2. At
E17.5, in the midbasal region of control OC, endogenous Dvl2
is asymmetrically localized and appears to be enriched on
the lateral membranes of hair cells (Figures 1A and 1C). Dvl2
localization is disrupted in Vangl2Lp/Lp OC [18] and Fz32/2;
Fz62/2 OC (Figure S1 available online), indicating that Dvl2
localization is a functional readout of the noncanonical Wnt
pathway activity. By contrast, Dvl2 localization was normal in
the Ptk72/2 OC at E17.5 (Figures 1B and 1D). Similarly, in the
midapical region of OC, membrane recruitment of Dvl2
occurred in both control and Ptk72/2 OC (Figures 1E–1H).
We also examined Fz3 localization at E17.5, which is normally
enriched along the medial poles of hair cells and supporting
cells [19, 20] (Figures 1I, 1K, 1M, and 1O). Interestingly,
membrane localization of Fz3 was significantly reduced in
the Ptk72/2OC (Figures 1J, 1L, 1N, and 1P). These results indi-
cate that Ptk7 regulates Fz3 localization but is not required for
asymmetric membrane localization of Dvl2 in the OC. Thus, the
noncanonical Wnt pathway is at least partially active in the
absence of Ptk7.
PTK7 and Fz3/Fz6 Receptors Act in Parallel and Have
Opposing Effects on Hair Cell PCP
The normal Dvl2 membrane localization and reduced Fz3
localization in Ptk72/2 OC suggests that Ptk7 is not an obliga-
tory component of the noncanonical Wnt pathway, but it may
regulate the strength of noncanonical Wnt signaling. To test
this idea, we next sought to determine the epistatic relation-
ship between Ptk7 and the Fz3/Fz6 genes. Mouse Fz3 and
Fz6 regulate PCP signaling in a redundant manner [19]. We
used bundle orientation as readout for PCP, which is already
evident at embryonic day (E) 18.5. In the control, the vertices
of the V-shaped stereociliary bundles all point toward thelateral edge of the cochlear duct (Figures 2A
and 2A0). Whereas Fz3 or Fz6 single mutants
had normal bundle orientation (Figures 2B and
2B0 and data not shown), Fz32/2;Fz62/2 mutants
had misoriented stereociliary bundles, affecting
primarily IHCs [19] (Figures 2C, 2C0, and S2). By
contrast, in the Ptk72/2 OC, bundle misorienta-
tion was confined to OHC3 (Figures 2D, 2D0, andS2). Surprisingly, bundle misorientation in OHC3 was signifi-
cantly suppressed in both Fz32/2;Ptk72/2 and Fz6 2/2;
Ptk72/2 mutants (Figures 2E and 2E0 and data not shown).
These results indicate that Ptk7 and Fz3/Fz6 have opposing
effects on hair cell PCP and suggest that Ptk7 acts upstream
of or in parallel to Fz3/Fz6. To distinguish between these two
possibilities, we analyzed bundle orientation in Fz32/2;
Fz62/2;Ptk72/2 triple mutants. If Ptk7 acts upstream of Fz3/
Fz6 in a linear genetic pathway, then the Fz mutations should
be epistatic to Ptk7, i.e., the triple mutants should have
a phenotype similar to Fz3/Fz6 double mutants. On the other
hand, if Ptk7 acts in parallel to Fz3/Fz6, then neither mutation
should be epistatic; instead, the triple mutants may show an
additive phenotype. Indeed, the triple mutants displayed
a combination of the Fz3/Fz6 and Ptk7 mutant phenotypes:
both IHC and OHC rows displayed misoriented stereociliary
bundles (Figures 2F, 2F0, and S2). Taken together, these results
indicate that Ptk7 and Fz3/Fz6 act in parallel and have
opposing effects on hair cell PCP.
Ptk7 Is Required in Supporting Cells to Regulate
Hair Cell PCP
Next, we sought to determine the site of action of Ptk7 in the
OC. To this end, we generated a ‘‘floxed’’ allele of Ptk7
(Ptk7CO). A knockout allele (Ptk72) was derived from Ptk7CO
upon germline Cre expression (Figures S3A and S3B). We first
used the Foxg1Cre line [21] to inactivate Ptk7 in the entire
cochlear epithelium. OHC3s in these mutants displayed
misoriented stereociliary bundles similar to Ptk72/2 mutants
(Figures S3C–S3E), indicating that Ptk7 acts within the
cochlear epithelium to regulate hair cell PCP.
We then carried out genetic mosaic analysis to further deter-
mine the cell type-specific requirement of Ptk7. PTK7 is ex-
pressed in both hair cells and supporting cells and colocalizes
with the adherens junction protein E-cadherin [8] (Figure 3B).
Figure 2. Epistasis Analysis of Ptk7 and Fz3/Fz6 in Hair Cell PCP
(A–F) Basal region (15% cochlear length) of E18.5 cochleae stained with phalloidin (green) and acetylated tubulin (red) to visualize the stereocilia and the
kinocilium, respectively. Genotypes are indicated above the panels.
(A0–F0) Quantification of bundle orientation in OHC3 (orange bars) and IHC (blue bars) rows for the indicated genotypes.
(A and B) In control (A, A0) and Fz32/2 (B, B0) cochleae, OHC3 and IHC bundle orientation do not deviate beyond 30 from the medial-lateral axis.
(C and C0) In Fz32/2;Fz62/2 mutants, the bundle orientation defect was most pronounced in IHCs.
(D and D0) In Ptk72/2 mutants, bundle orientation defects were most pronounced in OHC3s.
(E and E0) In Fz32/2;Ptk72/2 mutants, bundle orientation in OHC3s was significantly improved compared to Ptk72/2 mutants.
(F and F0) Fz32/2;Fz62/2;Ptk72/2 triple mutants displayed an additive defect in bundle orientation.
Blue arrowheads indicate the row of IHCs, orange arrowheads indicate the OHC3 row, and brackets indicate all OHC rows. Lateral is up in all micrographs.
Scale bars represent 10 mm. See also Figure S2.
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958To generate Ptk7 mosaics, we took advantage of the EIIa-Cre
line [22], which expresses Cre in all cells but at variable levels.
In EIIa-Cre; Ptk7CO/2 animals, cells with high Cre expression
level would have a genotype of Ptk72/2, whereas cells with
low Cre expression level would have a genotype of Ptk7CO/2,
thus retaining a functional copy of Ptk7 (referred to as Ptk7+
thereafter). The genotypes of individual cells in the OC were
unambiguously determined by the presence or absence of
PTK7 immunostaining (Figures 3B–3F). Because only OHC3s
were affected in Ptk7 mutants, we focused on OHC3s and
correlated bundle orientation with the genotypes of each haircell and its four immediate supporting cell neighbors (Fig-
ure 3A, shaded in blue). Many mosaics had a Ptk7+ hair cell
with a misoriented stereociliary bundle surrounded by varying
numbers of Ptk72/2 supporting cells (arrows, Figures 3C–3F00).
Moreover, as the number of Ptk72/2 supporting cells
surrounding a Ptk7+ hair cell increased (up to four), both the
penetrance and the severity of bundle misorientation defect
increased (Figures 3G and 3H). Together, these results indi-
cate that Ptk7 function in hair cells alone is insufficient for
normal bundle orientation and that Ptk7 is required in support-
ing cells to regulate hair cell PCP.
Figure 3. Mosaic Analysis of Ptk7 in Hair Cell PCP
(A) Schematic diagram of cellular organization in the OC. Hair cells (shaded light pink) are separated from one another by intervening supporting cells. Each
hair cell in OHC3 is immediately surrounded by four supporting cells (shaded in blue). Flanking the OC are cells of the lesser epithelial ridge (LER) and the
greater epithelial ridge (GER).
(B–F00) Midbasal region (25% cochlear length) of E18.5 cochleae stained with PTK7 antibodies (red) and phalloidin (green).
(B and B0) In controls, PTK7 is expressed in both hair cells and supporting cells and localized to cell-cell contacts.
(C–F00) Examples of Ptk7 mosaics in EIIa-Cre; Ptk72/CO cochleae. Ptk7+ hair cells with misoriented stereociliary bundles (arrows) surrounded by different
numbers of Ptk72/2 supporting cells (SC) are shown and schematized.
(G and H) In EIIa-Cre; Ptk72/CO mosaic cochleae, both the penetrance (G) and the severity (H) of bundle orientation defects in Ptk7+ OHC3 positively corre-
lates with the number of Ptk72/2 supporting cell neighbors.
Arrowheads indicate the row of pillar cells. Brackets indicate OHC rows. Lateral is up in all micrographs. Scale bars represent 10 mm. See also Figure S3.
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959JNK Signaling Is Unlikely to Mediate PTK7 Function
in the OC
Our results so far are consistent with a model where Ptk7 and
the noncanonical Wnt pathway converge on common effec-
tors to regulate bundle orientation. It has been shown that
the noncanonical Wnt pathway activates JNK signaling in
other systems [23, 24]. We therefore considered the possibility
that Ptk7 has an opposing effect on Fz-mediated JNK
signaling. To test this, we performed biochemical assays forJNK activation in HEK293T cells (Figure 4A). Using phosphor-
ylation of c-Jun as readout, we found that expression of PTK7
alone had aminimal effect on JNK activation, while expression
of Fz3 alone led to JNK activation. Moreover, coexpression of
PTK7 and Fz3 did not inhibit JNK activation by Fz3. Thus, in
this heterologous system, there was no apparent effect of
PTK7 on JNK signaling.
Next, we examined whether PTK7 regulates JNK signaling
in vivo. By using antibodies that specifically recognize
Figure 4. JNK Signaling Is Unlikely to Mediate PTK7 Function in the OC
(A) PTK7 expression has no effect on JNK activation in vitro. HEK293T cells were transfected either with PTK7, Fz3, or both and assayed for c-Jun
phosphorylation.
(B–C00) In the middle turn of E17.5 OC (50% cochlear length), pJNK localization (red) in the Ptk72/2 OC (C–C00) was similar to the control (B–B00). Green,
phalloidin staining.
(D–F) Basal region (15% cochlear length) of E18.5 Ptk72/2 (D), Jnk12/2 (E), and Jnk12/2;Ptk72/2 (F) cochleae stained with phalloidin (green) and acetylated
tubulin (red). Quantifications of bundle orientation of OHC3s are shown to the right.
White arrowheads indicate the row of pillar cells; orange arrowheads indicate the OHC3 row. Brackets indicate OHC rows. Lateral is up in all micrographs.
Scale bars represent 6 mm in (B)–(C0), 2 mm in (B00) and (C00), and 10 mm in (D)–(F).
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960phosphorylated and activated JNK (pJNK), we found that in
E17.5 controls, pJNK localized to cellular junctions and the
tips of a subset of stereocilia (Figures 4B–4B00), suggesting
that JNK signaling is active during cochlear morphogenesis.
However, in Ptk72/2 OC, we did not observe any significant
changes in pJNK levels or localization (Figures 4C–4C00), sug-
gesting that JNK is unlikely to be a downstream effector of
PTK7 in the OC.
To more rigorously assess whether PTK7 regulates inner
ear PCP through JNK signaling, we next examined genetic
interactions between Ptk7 and the Jnk genes by using bundle
orientation as readout. Among the three mouse homologs of
Jnk, Jnk1 and Jnk2 are broadly expressed. Although single
Jnk knockout mice are viable, Jnk1/Jnk2 double mutants
display neural tube defects and die at E10.5 [25–27]. We found
that Jnk1 and Jnk2 single mutants had essentially normal
bundle orientation at E18.5 (Figure 4E and data not shown). In
the Jnk12/2;Ptk72/2 OC, bundle misorientation persisted in
OHC3s, comparable in severity to Ptk72/2mutants (Figure 4F).
Similar results were obtained in Jnk22/2;Ptk72/2 double
mutants (datanot shown). Therefore, unlikeFz3/Fz6mutations,
Jnk1/Jnk2 mutations had no effect on the bundle misorienta-
tion phenotype of Ptk7 mutants, providing further evidence
that JNK is unlikely to mediate PTK7 signaling in the OC.
Ptk7 and the Noncanonical Wnt Pathway Differentially
Regulate a Contractile Apical Myosin II Network in
Supporting Cells
To further pursue downstream effectors of Ptk7, we next
investigated a potential role of Ptk7 in regulating myosin IIfunction in the OC. It has been shown that noncanonical Wnt
signaling activates actomyosin contractility in other systems
[28–30]. Moreover, myosin II regulates CE and neural tube
closure in Xenopus [31, 32] and cochlear extension in mice [6].
We first examinedmyosin IIB (MIIB, encoded byMyh10), one
of the three myosin II heavy chain proteins (MIIA, MIIB, and
MIIC) expressed during cochlear morphogenesis [6]. Hair cell
planar polarization and stereociliary bundle formation proceed
in a base-to-apex gradient starting at the base of the cochlea
around E16.5, as evidenced by migration of the axonemal
kinocilium [7] and asymmetric localization of activated PAK
[4]. At E16.5, in control tissues, MIIB was localized to cellular
junctions [6] (Figures 5A–5E). In addition, in the midbasal
region of the cochlea, we also observed an assembly of MIIB
foci near the apical surface of supporting cells (pillar and
Deiters’ cells) (Figures 5A–5C, arrows). By contrast, the apical
MIIB foci were absent from the supporting cells in themidbasal
region of the Ptk72/2 OC, and overall junctional localization of
MIIB was reduced compared to controls (Figures 5F–5J).
Western blot analysis of E16.5 cochlear lysates showed that
total levels of MIIB in Ptk72/2 cochleae were similar to controls
(Figure 5K). These results indicate that Ptk7 promotes junc-
tional localization of MIIB and is required for the assembly of
apical MIIB foci in supporting cells.
To determine whether the noncanonical Wnt pathway also
regulates MIIB localization, we examined Fz32/2;Fz62/2 and
Vangl2Lp/Lp cochleae at E16.5. In contrast to Ptk7 mutants,
the apical MIIB foci still formed in the supporting cells of
Fz32/2;Fz62/2 and Vangl2Lp/Lp mutants, albeit smaller in size
compared to controls (Figures 5L–5O). Interestingly, junctional
Figure 5. Ptk7 and the Noncanonical Wnt Pathway
Differentially Regulate a Contractile Myosin IIB Network
in Supporting Cells
(A–J, L–S) Confocal images of MIIB (red) and phalloidin
(green) staining in the OC at E16.5.
(A–E) In the control OC, MIIB is localized to cell-cell
contacts and to apical foci in the supporting cells in the
midbasal region of the OC (A–C).
(F–J) In Ptk72/2 OC, apical MIIB foci were absent from
supporting cells (F–H) and overall junctional MIIB stain-
ing was reduced.
(C and H) Z projections along the dashed lines in (B) and
(G), respectively, showing the apical position of the MIIB
foci in supporting cells.
(K) Total levels of MIIB in E16.5 Ptk72/2 cochleae were
comparable to controls. Lysates from four cochleae of
the same genotype were pooled and loaded in each
lane. GAPDH served as loading control. Numbers on
the bottom indicate percentage of normalized levels.
(L–O) Apical MIIB foci (arrows) were still present in the
supporting cells of Fz32/2;Fz62/2 (L, M) and Vangl2Lp/Lp
(N, O) mutants, albeit smaller in size.
(P and Q) Wild-type MIIB is localized to cell-cell contacts
and apical foci in supporting cells (arrows).
(R and S) ATPase-deficientMIIB (R709C) was localized to
cell-cell contacts but failed to assemble into apical foci in
supporting cells.
Percentages indicate the distance of the positions
analyzed from the base relative to the length of
the cochlea. Arrowheads indicate the row of pillar cells.
Brackets indicate OHC rows. Lateral is up in all micro-
graphs. Scale bars represent 5 mm.
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961MIIB levels were significantly reduced in Vangl2Lp/Lp mutants
(Figures 5N and 5O) but only slightly reduced in Fz32/2;
Fz62/2 mutants (Figures 5L and 5M). Thus, Ptk7 and the non-
canonical Wnt pathway differentially regulate MIIB localization
in the OC.
We next asked whether the apical MIIB foci in supporting
cells were contractile structures. Because force generation by
myosin II molecules requires their ATPase activity [33], we
reasoned that formationof anactivecontractile network should
be disrupted upon inhibition of the myosin ATPase activity. To
test this hypothesis, we took advantage of a Cre-inducible
dominant-negative allele of Myh10 (Myh10DN) carrying a point
mutation (R709C) in MIIB, which retains actin binding but
compromises the actin-activated ATPase activity [34].
Foxg1Cre was used to activate the expression of MIIB (R709C)
in the cochlear epithelium, such that Foxg1Cre;Myh10DN/DN
animals expressed only mutant (R709C) MIIB in the cochlea.
Immunostaining revealed that MIIB (R709C) was still localized
to cellular junctions but failed to assemble into apical foci in
supporting cells at E16.5 (Figures 5R and 5S). These observa-
tions indicate that assembly of apical MIIB foci requires its
ATPase activity and strongly suggest that the apical MIIB foci
in supporting cells are contractile structures.
Ptk7 Regulates Myosin II Activity to Orient Hair Cell PCP
Decreased junctional MIIB level and the absence of apical
MIIB foci in the Ptk72/2 OC suggest compromised myosin II
activity. Myosin II is activated by myosin regulatory light chain(RLC) phosphorylation, which is required for
actomyosin contractility [33]. We therefore
examined the distribution of phosphorylated
RLC (pRLC) in the OC. At E16.5, in the mid-
basal region of the control OC, pRLC wasprimarily detected at cellular junctions with higher intensity
around pillar cell membranes (Figures 6A and 6B). In E16.5
Ptk72/2 OC, pRLC staining appeared to be decreased at
cell-cell contacts compared to controls, but, surprisingly, it
was highly localized to apical foci in supporting cells (Figures
6C and 6D, arrows). By western blot analysis, Ptk72/2
cochleae showed a w2-fold increase in total pRLC levels
compared to controls (Figure 6M).
The paradox of the absence of MIIB and increased staining
of pRLC in apical foci inPtk72/2 supporting cells suggests that
other myosin II heavy chain molecules may be present in these
structures. We therefore examined MIIC and MIIA distribution
in Ptk72/2 OC. In the midbasal region of the control OC at
E16.5, both MIIC and MIIA were detected at apical foci in
supporting cells (Figures 6E, 6F, 6I, and 6J). Overall, MIIC
appeared to be enriched in supporting cells, whereas MIIA
localization was diffused and hardly detectable at cell bound-
aries. In Ptk72/2 OC, MIIC staining appeared to be decreased
at cell-cell contacts but was still present at apical foci in sup-
porting cells (Figures 6G and 6H), whereas MIIA staining at
apical foci in supporting cells was greatly reduced (Figures
6K and 6L). Western blot analysis showed that in Ptk72/2
cochleae, total levels of MIIC were slightly increased (Fig-
ure 6N), whereas total MIIA levels were similar compared to
controls (Figure 6O). Taken together, reduced junctional local-
ization of MIIB, MIIC, and pRLC and the absence of MIIB and
MIIA in apical foci in Ptk72/2 OC suggest that Ptk7 regulates
myosin II activity.
Figure 6. Ptk7 Regulates Myosin II Activity to Orient Hair Cell PCP
(A–L) Localization of pRLC (A–D), MIIC (E–H), and MIIA (I–L) in the midbasal region of OC (25% cochlear length) at E16.5. Green, phalloidin staining.
(A and B) In the control, pRLC (red) is localized to cell-cell contacts.
(C and D) In Ptk72/2 OC, pRLC staining was decreased at cell boundaries but increased in apical foci in supporting cells (arrows).
(E and F) In the control, MIIC (red) localizes to cell-cell contacts and apical foci in supporting cells (arrows).
(G and H) In Ptk72/2 OC, MIIC staining was reduced at cell boundaries but still localized to apical foci in supporting cells (arrows).
(I and J) In the control, MIIA (red) is localized to apical foci in supporting cells (arrows).
(K and L) In Ptk72/2 OC, MIIA staining was undetectable.
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963If compromised myosin II activity caused bundle misorien-
tation in Ptk72/2 mutants, then blocking myosin II activity
should result in similar bundle orientation defects. Because
MIIA, MIIB, and MIIC are all present and probably function
redundantly in the OC, we took a pharmacological approach
and applied the myosin II inhibitor blebbistatin to cochlear
explant cultures around the time of stereociliary bundle forma-
tion (Supplemental Experimental Procedures). We found that
explants treated with blebbistatin displayed bundle misorien-
tation (arrows, Figure 6Q), whereas bundle orientation in
control explants was relatively normal (Figure 6P). There-
fore, we conclude that myosin II activity is required for hair
cell PCP.
Ptk7 Promotes Planar Asymmetry of Junctional Vinculin
Defects in myosin II localization suggest that myosin II func-
tion is compromised in Ptk72/2 OC. To evaluate myosin II
function, we examined junctional vinculin localization. Vinculin
is a tension-sensitive actin-binding protein involved in
anchoring actin filaments to adhesion complexes at both focal
adhesions and adherens junctions [35–37]. Recent in vitro
studies demonstrate that recruitment of vinculin to adhesion
sites is myosin II dependent [38–41]. At E16.5, we observed
a base-to-apex gradient of junctional vinculin localization in
the control OC that coincides with the gradient of MIIB distri-
bution (see Figures 5A–5E). In the midbasal region of control
cochlea, vinculin was asymmetrically localized along cell-
cell contacts and enriched on the medial side of hair cell
membranes (Figures 7A–7C). Strikingly, in the midbasal region
of the Ptk72/2 OC, planar asymmetry of junctional vinculin
was abolished, and overall junctional vinculin staining was
reduced compared to controls (Figures 7D–7F). On the other
hand, localization of resident adherens junction proteins,
including E-cadherin and b-catenin, was comparable to
controls (Figure S4), suggesting that loss of vinculin planar
asymmetry in Ptk72/2OC is not a result of disrupted adherens
junctions. In the apex, junctional vinculin staining in control
and Ptk72/2 OC was similar and both lacked apparent
planar asymmetry (Figures 7G–7J). These results indicate
that Ptk7 promotes planar asymmetry of junctional vinculin
and strongly support the hypothesis that Ptk7 regulates
myosin II-based polarized contractile forces between OC
epithelial cells.
Planar Asymmetry of Junctional Vinculin Is Restored
in Fz32/2;Ptk72/2 Mutants
In Ptk7 mutants, loss of vinculin planar asymmetry correlated
with bundle misorientation. To further understand the func-
tional significance of vinculin planar asymmetry as well as
the basis for the suppression of the Ptk7 bundle orientation
phenotype by Fz3 (see Figure 2), we examined vinculin locali-
zation in Fz32/2 and Fz32/2;Ptk72/2 mutants at E16.5. In the
Fz32/2 OC, staining intensity of junctional vinculin was similar
to controls, though its planar asymmetry appeared less robust
(Figures 7K–7M). Remarkably, planar asymmetry of junctional
vinculin was restored in Fz32/2;Ptk72/2 mutants (Figures
7N–7P). Moreover, Fz32/2;Ptk72/2 double mutants showed(M–O)Western blot analysis of total levels of pRLC,MIIC, andMIIA in E16.5Ptk7
and loaded in each lane. GAPDH served as loading control. Numbers on the b
(P and Q) Phalloidin (green) and acetylated-tubulin (red) staining of cochlear e
fication of bundle orientation shown beneath.
Arrows indicate examples ofmisoriented stereociliary bundles in blebbistatin-tr
OHC rows. Lateral is up in all micrographs. Scale bars represent 5 mm in (A)–(Han increase in junctional MIIB levels and reappearance of
apical MIIB foci in supporting cells compared to Ptk7 single
mutants (Figure S4). Taken together, these results demon-
strate a strong correlation between vinculin planar asymmetry
and hair cell PCP and further suggest that Ptk7 and Fz3 act in
an opposing fashion to regulate contractile forces betweenOC
epithelial cells.
Discussion
In this study, we present multiple lines of evidence that Ptk7 is
not an obligatory component of the noncanonical Wnt
pathway; rather, during PCP signaling in the auditory epithe-
lium, Ptk7 and the noncanonical Wnt pathway differentially
regulate myosin II-based contractile forces to orient PCP.
Furthermore, we uncover an active role of supporting cells in
this process through a contractile apical myosin II network
(Figure 7Q).
In themouse, Ptk7 is not required for membrane recruitment
of Dvl2 either in the inner ear (this study) or in the mesoderm
during gastrulation [15]. These results contradict studies in
Xenopus, where it has been shown that Ptk7 mediates
membrane recruitment of Dishevelled through a PKCd-depen-
dent mechanism [13, 14]. A possible explanation is that
the Xenopus Dishevelled membrane recruitment assay was
based on exogenously expressed Dishevelled, whereas we
examined endogenous Dvl2 in the mouse. There is also
evidence that PTK7 may have evolved different functions in
mice and Xenopus. For example, PTK7 has been shown to
regulate neural crest migration in Xenopus but not in mice
[12, 13]. Although it is formally possible that PTK7 might
mediate membrane localization of other mouse Dishevelled
proteins (Dvl1 and Dvl3), it is unlikely to be the primary function
of PTK7 in PCP regulation in the OC. Instead, our results
strongly support a function of PTK7 in myosin II regulation to
align PCP.
Interestingly, bundle misorientation in Ptk7 mutants is
largely restricted to OHC3 despite broad expression of PTK7
in the cochlea. OHC3s are positioned at the lateral edge of
the OC and, as such, are mechanically coupled to a different
group of cells than the other hair cell rows. We speculate
that their unique mechanical environment may render OHC3s
more sensitive to compromised myosin II function in Ptk7
mutants. Furthermore, normal Dvl2 localization suggests that
the noncanonical Wnt pathway is at least partially active in
Ptk7mutants. We propose that overall PCP signaling is weak-
ened but not disrupted in Ptk7 mutants, resulting in defects
only in OHC3s.
Our genetic analysis revealed, rather surprisingly, opposing
effects of Ptk7 and Fz3/Fz6 on stereociliary bundle orientation.
These findings contrast with our earlier observation that Ptk7
and Vangl2Lp mutations showed a positive genetic interaction
such that double heterozygous animals displayed spina bifida
[8]. It is worth noting that an allelic series of Vangl2 mutations
caused neural tube defects ranging from mild (e.g., spina
bifida) to severe (e.g., craniorachischisis) in both mice and
humans [42–44]. Thus, reduced Ptk7 gene dosage may2/2 cochleae. Lysates from four cochleae of the same genotypewere pooled
ottom indicate percentage of normalized levels.
xplants treated with either vehicle (P) or 10 mM blebbistatin (Q), with quanti-
eated explants. Arrowheads indicate the row of pillar cells. Brackets indicate
) and 6 mm in (I)–(L) and (P)–(Q).
Figure 7. Planar Asymmetry of Junctional Vinculin Is Abolished in Ptk72/2 OC and Restored in Fz32/2;Ptk72/2 OC
(A–P) Confocal images of vinculin (red) and phalloidin (green) staining at E16.5.
(A–C) In the midbasal region (25% cochlear length) of control OC, vinculin was asymmetrically localized along cell-cell junctions and enriched on the medial
side of hair cell membranes.
(D–F) In the midbasal region of Ptk72/2 OC, junctional vinculin localization lost planar asymmetry and was greatly reduced compared to controls.
(G–J) In the apex (85%cochlear length), junctional vinculin staining in the control (G, H) andPtk72/2 (I, J) OCwas similar, with no apparent planar asymmetry.
(K–M) In the midbasal region of Fz32/2 OC, junctional vinculin staining was similar to controls but its planar asymmetry was less robust.
(N–P) In the midbasal region of the Fz32/2;Ptk72/2 OC, planar asymmetry of junctional vinculin was restored.
(C, F, M, P) High magnification of the boxed hair cell above.
Lateral is up in all micrographs. Scale bars represent 2 mm in (C), (F), (M), and (P) and 10 mm in other panels.
(Q) A proposed model for regulation of hair cell PCP by Ptk7. Acting in supporting cells (shaded gray), Ptk7 mediates the assembly of a contractile apical
myosin II network to exert pulling forces on the medial border of hair cells, leading to enhanced contractile tension as evidenced by increased vinculin
recruitment. In turn, polarized contractile tension promotes asymmetric Rac-PAK activity on the lateral side of hair cell cortex (shown in magenta) to orient
the stereociliary bundle. Fz3/Fz6 may act in hair cells and/or supporting cells to counterbalance Ptk7-mediated contractile tension on hair cells.
See also Figure S4.
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neural tube closure. Fz3/Fz6 genes have unique qualities
among the noncanonical Wnt pathway components: Fz3/Fz6
mutations cause bundle misorientation primarily in IHCs,
where bundle orientation is frequently reversed. Furthermore,
Fz3/Fz6 and Dvl2 appear to localize to opposite poles of hair
cells, which is at odds with a conserved role of Fz in Dishev-
elled recruitment through direct binding [45]. Thus, our results
add to a growing body of evidence that suggests Fz3/Fz6
use novel mechanisms to regulate hair cell PCP. We propose
that Fz3/Fz6 and Ptk7 act in an opposing fashion to modulate
actomyosin contractility in the OC and that reduced Fz3
localization in the Ptk72/2 OC is probably a secondary effect
of altered actomyosin organization rather than the cause for
bundle misorientation.We show that Ptk7 and the noncanonical Wnt pathway
differentially regulate a contractile apical myosin II network in
supporting cells. These structures are analogous to those
observed during Drosophila gastrulation [46, 47] and germ
band extension [48–50], which generate pulsed contractile
forces near cell-cell junctions to drive apical constriction and
cell intercalation, respectively. We hypothesize that the apical
myosin II foci in supporting cells may engage in similar
contractile behaviors to exert pulling forces on neighboring
hair cells. Ptk7 modulates myosin II-based contractile tension
on hair cells by mediating the assembly of the apical myosin
network in supporting cells. Fz3/Fz6 may modulate contrac-
tility in hair cells and/or supporting cells to counterbalance
the pulling forces on hair cells (Figure 7Q). In support of this
model, we show that vinculin, a force-sensitive actin binding
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965molecule, is normally enriched along the medial junctions of
hair cells, that this planar asymmetry is lost inPtk72/2mutants,
and importantly, that both vinculin planar asymmetry and
bundle orientation were restored in Fz32/2;Ptk72/2 double
mutants.
The precise mechanisms by which PTK7 regulates myosin II
activity remain to be determined. Paradoxically, in spite of
reduced junctional myosin II staining, pRLC level was
increased in Ptk72/2 OC. Therefore, it is unlikely that PTK7
regulates myosin II activity through RLC phosphorylation
per se. Different myosin II isoforms are regulated by distinct
upstream signals [51]. Ptk7 deficiency affected the localiza-
tion of all three heavy chain isoforms, with the strongest
impact on MIIB, which has properties best suited to exert
tension [33]. These results are consistent with a role of PTK7
in myosin II heavy chain regulation. We suspect that the
increased level of pRLC in Ptk72/2 OC may reflect a com-
pensatory response to compromised myosin II heavy chain
function.
How might contractile tension orient hair cell PCP? We
showed previously that hair cell PCP is controlled by Rac-
PAK signaling [4, 5]. Interestingly, several in vitro studies
suggest that tension and myosin II can inhibit Rac activity
through GEFs and GAPs for Rac [52–55]. Consistent with this
idea, activated PAK and vinculin exhibit complementary
patterns of planar asymmetry in hair cells. We propose that
polarized contractile tension between OC epithelial cells regu-
lates the spatial pattern of Rac-PAK activity to orient hair cell
PCP (Figure 7Q).Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at doi:10.1016/
j.cub.2012.03.068.
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